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ABSTRACT: An easterly tip jet event off Cape Farewell, Greenland, is described and analysed in considerable detail.
In Part I of this study (this paper) comprehensive aircraft-based observations are described, while in Part II of this study
numerical simulations and a dynamical analysis are presented. The easterly tip jet of 21 February 2007 took place during
the Greenland Flow Distortion experiment. It resulted through the interaction of a barotropic synoptic-scale low pressure
system in the central North Atlantic and the high topography of southern Greenland. In situ observations reveal a jet core
at the coast with peak winds of almost 50 m s−1, about 600–800 m above the sea surface, and of 30 m s−1 at 10 m. The
depth of the jet increased with wind speed from ∼1500 m to ∼2500 m as the peak winds increased from 30 to 50 m s−1.
The jet accelerated and curved anticyclonically as it reached Cape Farewell and the end of the barrier. The easterly tip jet
was associated with a tongue of cold and dry air along the coast of southeast Greenland, general cloud cover to the east,
and cloud streets to the south of Cape Farewell. Precipitation was observed during the low-level components of the flight.
The very high wind speeds generated a highly turbulent atmospheric boundary layer and resulted in some of the highest
surface wind stresses ever observed over the ocean. Copyright c© 2009 Royal Meteorological Society
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1. Introduction
The coastal seas off Cape Farewell, the southernmost
tip of Greenland, have recently been marked out as
the windiest location in the world ocean (Sampe and
Xie, 2007; Moore et al., 2008). The reason for this
climatological accolade is the frequent low-level ‘tip
jets’ that occur there as a result of interactions between
the synoptic-scale flow and the high topography of
Greenland. Westerly tip jets were first investigated,
through numerical model simulations, by Doyle and
Shapiro (1999), while easterly or reverse tip jets were
first investigated by Moore (2003) and Moore and Ren-
frew (2005). Doyle and Shapiro suggested tip jets were
driven by a Bernoulli acceleration as flow descended
down the lee side of Greenland, as well as acceleration in
the lee due to flow distortion around the tip of Greenland.
A series of idealised modelling studies have emphasised
more strongly the importance of the acceleration due
to flow distortion around such obstacles; for example,
´Olafsson and Bougeault (1996, 1997) and Petersen
et al. (2003, 2005); while recent case-studies have also
found a similar relative importance of flow distortion,
rather than Bernoulli acceleration, e.g. Hay et al. (2009).
It has been hypothesised that the forcing mechanism
of easterly tip jets is quite different; that these are in fact
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barrier flows which, upon reaching the end of the barrier
at Cape Farewell, turn anticyclonically and accelerate
into a curved gradient wind balance (Moore and Renfrew,
2005). In other words, they are barrier flows undergoing
a rapid adjustment due to the removal of the barrier.
Recall barrier flows result from air impinging upon a
non-dimensionally high barrier (i.e. large Nh/U , where
N is the Brunt–Va¨isa¨la¨ frequency, h is the barrier height
and U is the upstream velocity) and being forced to turn
to an along-barrier flow that is broadly in geostrophic
balance (e.g. Schwerdtfeger, 1975; Parish, 1982, 1983;
Pierrehumbert and Wyman, 1985; Petersen et al., 2009).
However it is likely that easterly tip jets are also related
to the ‘corner jets’ described in the textbook of Godske
et al. (1957) and often referred to subsequently as ‘left-
sided jets’ (e.g. Barstad and Grøna˚s, 2005). The left-sided
asymmetry here is due to a reduced Coriolis forcing as
the flow decelerates in front of the barrier, leading to a
pressure-gradient induced acceleration on the left side
of the mountains (thus they are only left-sided in the
Northern Hemisphere). These jets are a common feature
of idealised numerical simulations (e.g. ´Olafsson and
Bougeault, 1997) and case-study numerical simulations
of, for example, southern Norway (Barstad and Grøna˚s,
2005) and Svalbard (Skeie and Grøna˚s, 2000). It is an
open question as to which dynamical forcing mechanisms
dominate for Greenland’s easterly tip jets†. Note Sampe
†Note in recognition that Greenland’s easterly tip jets are part of a
larger class of topographic jets that include ‘corner jets’ and ‘left-sided
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and Xie (2007) tabulate other locations prone to frequent
gale force winds where high topography appears instru-
mental – e.g. Enderby Land (Antarctica), Cape Horn and
southwest New Zealand (e.g. Revell et al., 2002) – and
where one might surmise tip jets are prevalent.
The high winds associated with these mesoscale atmos-
pheric features are a maritime hazard and – models have
shown – can act as atmospheric forcing triggers for
oceanic deep convection in the Irminger Sea (Pickart
et al., 2003; Va˚ge et al., 2008) and so play a role
in the thermohaline circulation and thus the climate
system. However, observations at the windiest location
in the world ocean are, not surprisingly, rather rare.
Almost all previous studies have relied exclusively on
either satellite-based observations, such as scatterome-
ter winds (e.g. QuikSCAT winds: Moore and Renfrew,
2005; Sampe and Xie, 2007), meteorological analyses
or reanalyses (Moore, 2003; Egger, 2006), or numeri-
cal weather prediction (NWP) simulations (Doyle and
Shapiro, 1999; Petersen et al., 2003, 2005; Orr et al.,
2005; Martin and Moore, 2007; Ohigashi and Moore,
2009). The only exceptions are two recent studies that
jets’; here we use the adjective ‘easterly’ in preference to ‘reverse’ tip
jet. This is because similar phenomena in other locations (e.g. Svalbard)
are not necessarily ‘reverse’ to the climatological atmospheric flow
direction – as is the case in southern Greenland.
make use of a meteorological buoy located in the Irminger
Sea from July to December 2004 (whereupon the buoy
broke loose from its mooring and was blown around the
North Atlantic, finally being rescued by the Icelandic
Coastguard in May 2005), see Moore et al. (2008) and
Hay et al. (2009). It is perhaps worth noting that a num-
ber of studies have made use of observations from the
meteorological stations on the coast of Greenland itself
(e.g. Cappelen et al., 2001; Pickart et al., 2003), although
given the dramatic topography of the Greenland coast
there are obviously representivity problems in extrapolat-
ing such data to over the ocean.
In this study we present the first comprehensive obser-
vations of a tip jet event, to be precise, the easterly tip jet
(ETJ) of 21 February 2007. These comprise flight-level
and dropsonde observations from mission B268 of the
Greenland Flow Distortion experiment (GFDex). GFDex
was primarily an aircraft-based field campaign focus-
ing on the dynamics and air–sea interaction associated
with tip jets, barrier winds and mesoscale cyclones in
the coastal seas around Greenland, as well as a targeted
observation programme and, of course, complimentary
numerical modelling activities. Renfrew et al. (2008) pro-
vides an overview of GFDex; while other papers within
this special issue focus on a number of related topics.
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Figure 1. ECMWF operational analyses for 1200 UTC 21 February 2007. Panels show (a) mean-sea-level pressure, (b) 500 hPa geopotential
height, (c) 10-metre wind speed, and (d) 2-metre equivalent potential temperature. Contour intervals are 4 hPa, 6 dam, 5 m s−1 and 2 K
respectively.
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Figure 2. AVHRR visible (channel 1) satellite image from 1442 UTC 21 February 2007. Lines of latitude and longitude every 5 degrees are
marked. Cyclonic cloud shields associated with the broad double-centred low pressure dominate the southern part of the image. A ribbon of
cloud runs SW from Iceland associated with an occluded front. This figure is available in colour online at www.interscience.wiley.com/journal/qj
In Part I of this study a detailed analysis of the air-
craft observations is presented; while in Part II results
from numerical simulations are presented and validated
before a thorough dynamical analysis is carried out (Out-
ten et al., 2009, hereafter referred to as Part II).
In the next section the synoptic situation is summarised.
Section 3 provides a brief description of the flight plan
and relevant instrumentation details. Section 4 describes
the dropsonde and flight-level observations. Section 5
provides a synthesis and discussion of these observations,
with some conclusions in section 6.
2. Synoptic situation
During 20 February 2007 a synoptic-scale low pressure
system moved north from the central North Atlantic, set-
tling around 40◦W, 50–55◦N, with a central pressure
of about 956 hPa. Over 21 February this low broad-
ened zonally, at times with two analysed centres (see
Figure 1(a)), but remained about the same depth. To
the north of Scandinavia was a 1040 hPa high. These
two systems resulted in a broad easterly-to-northeasterly
flow over much of the central North Atlantic during this
period. The low pressure system was rather barotropic,
for example being well-defined in 500 hPa geopotential
height at 1200 UTC 21 February (Figure 1(b)). Associ-
ated with this synoptic situation were several areas of high
near-surface wind speeds. Figure 1(c) shows areas anal-
ysed with gale-force winds (greater than 20 m s−1) to the
south of Cape Farewell (45◦W, 60◦N) – the easterly tip
jet (ETJ) – and also off the southeast coastline of Iceland.
Other prominent features include a strong shear zone on
the northern side of the low pressure centre (∼54◦N)
and wake regions in the lee of both southern Green-
land and Iceland. Figure 1(d) illustrates the analysed 2 m
equivalent potential temperature at this time. There was
a tongue of cold air, well defined by the 290–284 K iso-
lines, hugging the southeast coast of Greenland. There
were also strong temperature gradients off the coast of
Labrador and at the sea ice edge about 66◦N in the
Labrador Sea.
Figure 2 shows an AVHRR (Advanced Very High
Resolution Radiometer) visible satellite image from 1442
UTC 21 February 2007. The image is dominated by the
cyclonic cloud associated with the broad synoptic-scale
low. The double-centre in mean-sea-level pressure is also
reflected as two cyclonic cloud signatures. To the north of
the low there was a ribbon of mid-level cloud stretching
south-westwards from Iceland. This feature was analysed
as an occluded front in operational analyses (not shown)
and was associated with a moderate temperature gradient
(Figure 1(d)). There was a clear wake region in the lee
of northwest Iceland, with more mid-level cloud between
there and southeast Greenland – some of which appears
convective in origin. Much of Greenland itself appears
to be cloud free; one can clearly see the ice sheet on
the southwest side (as well as the surface of the eastern
Labrador Sea), the coastal mountains to the northeast and
sea ice along the eastern coastline. The area of the tip jet
is predominantly covered by mid-level cloud, although
this dissipates at Cape Farewell itself, revealing low-level
cloud streets underneath.
Figure 3 provides a close-up of this area from the same
satellite pass. One can see that the mid-level cloud asso-
ciated with the tip jet is densest some way off the coastal
mountains; indeed there are clearer slots at, and parallel
to, the coast. South of ∼59◦N, and north of ∼62◦N (near
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Figure 3. A close-up of the visible image in Figure 2 from 1442 UTC
21 February, focusing on the area of the easterly tip jet. Overlaid is
part of the flight track of mission B268, at about 5500 m or about 40 m
above the sea surface. Dropsonde locations are marked as diamonds.
The upper-level ‘northern’ and ‘southern’ legs are labelled, as are the
aircraft’s decent (D), low-level legs 1, 2 and 3, and the ascent (A).
the sea ice edge) the clouds appear more convective in
nature. Close examination of the mid-level clouds of
the ETJ (∼41◦W, 60◦N) reveals banded features in the
cloud, most likely associated with gravity waves. Curving
anticyclonically to the south of Cape Farewell there are
clearly cloud streets caused by roll vortices in the atmos-
pheric boundary layer (ABL), see for example Atkinson
and Zhang (1996). Cloud streets are characteristic of cold-
air outbreaks and align approximately in the direction of
the low-level wind (e.g. Renfrew and Moore, 1999); thus
Figure 3 suggests an anticyclonic low-level flow where
they are present. There is also an unusual cloud ‘streak’
curving anticyclonically away from Cape Farewell itself,
possibly a banner cloud (Schween et al., 2007), which
again suggests anticyclonic low-level flow. To the west of
southern Greenland the sea surface is apparent in a cloud-
free wake region (cf. Figure 1(c)). The infrared (channel
4) image at the same time has also been examined and
illustrates many of the same features (not shown).
3. Mission details
3.1. Flight plan
A comprehensive upper- and low-level survey of the ETJ
feature of 21 February 2007 was carried out on the first
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Figure 4. Cross-sections of wind speed (ws) and wind direction (wd) for the northern and southern high-level legs based on dropsonde soundings
(see text for details). The locations of the soundings are marked as solid triangles at the top of each panel. The distance axis is eastwards, away
from the Greenland coast. Contours are drawn every 2 m s−1 and every 10 degrees.
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Figure 5. Cross-sections of equivalent potential temperature (θe), specific humidity (q) and relative humidity (RH) for the northern and southern
high-level legs – as in Figure 4. Contours are drawn every 1 K, 0.5 g kg−1 and 10%.
instrumented flight of the GFDex field campaign (mission
B268). GFDex made use of the UK Facility for Airborne
Atmospheric Measurements’ (FAAM’s) BAE 146 jet.
A campaign summary for GFDex, including a short
synopsis of this case, along with details of the FAAM
aircraft and its ‘core’ instrumentation during GFDex, is
provided in Renfrew et al. (2008). Overlaid on Figure 3
is the central part of the flight track of B268; note the
flight took off and returned to Keflavı´k, Iceland. The
flight plan consisted of an upper-level (18 kft ≈5500 m
above sea level) survey of the jet feature, flying west at
62◦N – the ‘northern leg’, then down the jet core parallel
to the coastline with heading 190 degrees, and then back
across the jet leaving the coast at ∼60◦N with heading
∼120 degrees – the ‘southern leg’. Twelve dropsondes
were released during these upper-level legs, four on each
leg; unfortunately, however, dropsondes 3 and 12 failed
to report any measurements. The positions of the working
dropsondes are marked on Figure 3 with diamonds. The
flight plan continued with a profile descent to minimum
safe altitude, in this case 35–50 m, on the same heading
with a 180 degree turn at about 1800 m altitude. The
low-level mission comprised three low-level legs, the
first, about 70 km in length, being flown underneath
the last upper-level leg (see Figure 3). Poor visibility
forced us to terminate this leg at 42◦W for safety reasons.
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Figure 6. Cross-sections of wind speed (ws) and equivalent potential temperature (θe) along the jet. The distance axis is northwards. Contours
are drawn every 2 m s−1 and every 1 K.
Low-level leg 2 was about 50 km in length heading
north, with leg 3 about 65 km in length on heading
120 degrees (parallel to leg 1). A profile ascent was
made at the end of leg 3. Note the time sampling the
tip jet was only about 2 hours – from 1220 UTC, the
first dropsonde, till 1424 UTC, the profile ascent. Hence
the aircraft observations can essentially be viewed as an
instantaneous snapshot.
3.2. Instrumentation
A description of the FAAM’s core instrumentation is
provided in Renfrew et al. (2008) and on the facility
website (www.faam.ac.uk). A brief summary of the key
instruments for flight B268 is included here:
• Air temperature was measured with Rosemount
temperature sensors (non de-iced and de-iced).
Unfortunately during the turn in the profile descent
the temperature sensors were ‘wetted’ and from this
point onwards were therefore unreliable; in effect
they were recording a wet-bulb temperature rather
than a dry-bulb temperature.
• Humidity was measured using a Lyman-alpha
absorption hygrometer, which measures total water
content with an uncertainty of ±0.15 g kg−1. The
response of this instrument changes with time,
which means it has to be carefully calibrated
using the fitted General Eastern cooled-mirror
hygrometer.
• A five-port turbulence probe on the nose of the
aircraft, in conjunction with data from the Iner-
tial Navigation Unit and other navigational aids,
provided three-dimensional wind velocities with a
standard overall uncertainty of less than ±0.5 m
s−1. Note that air temperature is used as part of
the velocity calculations. Tests of the velocity algo-
rithm have shown that errors of 5 K in temperature
would lead to errors in wind speed of order 1 m
s−1. A check against dew-point temperature mea-
surements suggests the temperature wetting errors
are typically half of this, implying, for this flight,
overall horizontal wind uncertainties of ±1 m s−1.
• Flight-level altitude was measured by Global Posi-
tioning System (GPS) (relative to the WGS84
geoid) and corrected to geometric height by (in this
case) subtracting a constant 50 m.
• Two-dimensional cloud (2DC, 25–800 µm) and
precipitation (2DP, 200–6400 µm) particle imag-
ing probes measured particle number concentration,
condensed water content, image shape, etc. In addi-
tion, liquid water content was also measured by
a Johnson–Williams heated wire resistance bridge
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and by a Nevzorov heated wire, both over a range
of 0–3 g m−3 and with an uncertainty of ±10%.
An AVAPS (Airborne Vertical Atmospheric Profiler
System) was installed on the FAAM from which GPS
dropsondes (Vaisala RD93) were deployed. These mea-
sured position, altitude, pressure, temperature and relative
humidity (RH) at 2 Hz and calculated wind speed and
wind direction. On B268 all dropsondes terminated at the
sea surface, which enabled the GPS-determined altitude
to be corrected from the ground upwards. The dropsonde
data were quality-controlled using the ASPEN dropsonde
software (available from NCAR – the National Center
for Atmospheric Research, Colorado). The quality-control
procedures involved outlier checks (using 10 standard
deviations for each variable), filtering of suspect data
points, pressure smoothing, temperature dynamic adjust-
ment and wind dynamic adjustment. Buddy checks were
applied for pressure, temperature, RH and the winds using
thresholds per second of 2 hPa, 3◦C, 20% and 5 m
s−1 respectively; a 10-second filter was also applied to
the same variables with deviation limits of 3 hPa, 3◦C,
3% and 3 m s−1. There is a final smoothing over a
5 s period (10 s for winds). Note that these dropson-
des typically fall at about 10 m per second. The accuracy
(repeatability) of the soundings is 0.4 hPa, 0.1◦C, 2%
and 0.5 m s−1 for pressure, temperature, RH and winds
respectively. Further details on the quality-control proce-
dures can be found in the ASPEN User Manual (Martin,
2007).
4. Observations
Observations from the dropsonde soundings have been
used to create vertical cross-sections of the easterly tip
jet. Dropsondes 1, 2 and 4 are used for the northern
cross-section at 62◦N; dropsondes 2, 5, 6, 7, 8, and
a linear interpolation of dropsondes 10 and 11 for
an along-jet cross-section parallel to the coast; and
dropsondes 9, 10, 11 and the aircraft’s descent for
the southern cross-section (see Figure 3). The aircraft’s
profile descent has been derived from 1 Hz flight-
level data. To remove the rapidly varying turbulence
signature in these observations a non-causal 10 s moving
point average filter has been applied. This results in
an aircraft-based ‘pseudo-sounding’ filtered to a similar
degree as the dropsonde soundings. As noted above, the
aircraft’s temperature sensors became ‘wetted’ during
this descent at a height of about 2000 m. Examination
of the temperature (T ) and dew-point temperature (Td)
profiles suggests that towards the end of the descent these
sensors dried out (T > Td at this point) so for illustrative
purposes a linear interpolation of T between 2000 and
50 m was used in the southern cross-section. Note that a
very similar plot results if it is assumed T = Td during
this part of the descent – a reasonable assumption given
the aircraft is in cloud. To generate the cross-sections the
soundings are linearly interpolated onto a regular height
grid of resolution 20 m and smoothed using a 5-point non-
causal moving point average filter which removes some
of the smaller-scale variability of that sounding (e.g. see
Figs. 3–5 in Part II).
Figure 4 shows wind speed and wind direction, while
Figure 5 shows equivalent potential temperature (θe),
specific humidity (q) and relative humidity (RH) for the
cross-jet sections. The ETJ was well defined as a low-
level maximum in wind speed, with the maximum winds
at the coast. Peak wind speeds were over 32 m s−1 in
the northern section and over 48 m s−1 in the southern
section, with the jet maximum about 600–800 m above
sea level. The jet was relatively deep, reaching up to
∼1500 m in the northern leg and over 2500 m in the
southern leg. The jet was clearly deeper where it was
stronger, as illustrated by following, for example, the
32 m s−1 isotach offshore from 2400 m to 1400 m in
the southern leg. The same is clear in the along-jet cross-
section, for example the 28 m s−1 isotach increases from
a height of 1400 m to 2400 m along the jet (Figure 6). The
jet also led to very strong winds near the surface, such
as between 40 and 80 km in the southern leg, although
note that the sounding near the coast had a more well-
mixed surface layer – perhaps due to greater surface drag
at this location. The jet’s wind direction increased from
20–30 degrees near the surface, to 30–50 degrees in the
jet core and above. There is little change in wind direction
between the two cross-jet sections or in the along-jet
cross-section (not shown).
Figure 5 shows both cross-jet sections have a horizontal
gradient in θe, with cold air ‘piled up’ against the coast.
For example, in the southern cross-section ∂θe/∂x = 1
K/50 km at ∼2000 m above the sea surface. There was a
stronger horizontal gradient (∼6 K/50 km) at the edge
of the tongue of cold air along the coast, e.g. delin-
eated by θe < 284 K. This feature is consistent with the
cold-air tongue noted in the ECMWF operational anal-
yses (Figure 1(d)); although the ECMWF analyses does
not capture the very coldest air (θe < 282 K) seen in
the northern cross-section. This tongue of cold air is
∼1500 m deep at the northern section and ∼1000 m
deep at the southern section. Note there is a maximum
in ∂θe/∂z at a height of around 3000 m in all the cross-
sections (Figures 5 and 6), suggesting a relatively deep
ABL of ∼3000 m. Hence the tongue of cold air does
not occupy the entire ABL, only the lower half. Such
deep ABLs are not uncommon during marine cold air out-
breaks; see e.g. Renfrew and Moore (1999) or Bru¨mmer
(1997). Below 100–500 m (depending on the location)
there was a relatively deep conditionally unstable surface
layer (∂θe/∂z < 0) most obvious between 40 and 120 km
in the southern leg. The ABL was generally saturated
(e.g. most dropsonde RHs are between 95 and 100%),
which means θe is conserved and so this conditionally
unstable surface layer will be unstable. The implication
is that the relatively warm sea surface was destabilising
the atmospheric surface layer through turbulent sensible
and latent heat fluxes from the ocean into the atmos-
phere.
The horizontal gradient in temperature across the
jet leads to a horizontal gradient in specific humidity
(Figure 5). There was a relatively strong gradient in q,
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Figure 7. Profiles from flight-level observations during the aircraft’s descent at about 40.5◦W, 59.4◦N. The panels show: wind speed; vertical
velocity (w); cloud liquid water content from the Johnson–Williams instrument, from the 2DC particle imager (25–800 µm), and total water
content from the Nevzorov instrument (as marked on legend); and short-wave radiation. Note all panels show observations at 1 Hz resolution.
from 3 to 4.5 g kg−1, across the jet. There was little
change in q along the jet (not shown). Figure 5 illustrates
the near saturation of most of the ABL with RH generally
between 90 and 100%. The cross-sections show some
structure in RH, with generally lower RHs (<90%) at the
coast, concomitant with the clearer areas in the satellite
image of Figure 3. There are layers of very dry air (RH
< 40%) at the top of the cloud deck in all cross-sections:
at ∼3000 m in the northern leg and from 4000 to 3000 m
in the southern leg.
Observations from the aircraft’s profile descent (at
40.5◦W, 59.4◦N, Figure 7) show several distinct changes
at a height of ∼3000 m, the top of the cloud deck: (1) an
increase in turbulence in the horizontal and vertical veloc-
ities; (2) a sharp increase in (cloud) liquid water content
in the heated-wire instruments (the Johnson–Williams
and Nevzorov) and the cloud particle imager (2DC); and
(3) sharp changes in downward short-wave (SW ↓) radi-
ation, in particular a drop from 350 W m−2 above the
clouds to ∼200 W m−2. The SW ↓ decreased rapidly
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Figure 8. Flight-level observations from low-level leg 1 (∼40 m above the sea). The panels show (top) wind speed (upper line) and wind
direction (lower line); (middle) vertical velocity (w); and (bottom) dew-point temperature from the General Eastern cooled-mirror instrument
(lower line) and specific humidity from the Lyman-alpha absorption hygrometer (upper line). The distance axis is eastwards. Note all panels
show observations at 1 Hz resolution.
again from ∼1300 m to ∼300 m, coincident with a sec-
ond layer of cloud liquid water content. The bottom of
this cloud deck was around 300 m above the sea surface;
below the clouds the SW ↓ was ∼25 W m−2 and there
were still small amounts (<0.05 g m−3) of cloud droplets
in the air. Precipitation was also evident on the descent,
with measurements of about 0.1 g m−3 liquid water con-
tent and ∼1 × 104 particle concentration (per m3) on the
2DP particle imager (not shown). However this instru-
ment suffered from intermittent noise during the lower
part of the descent and during part of low-level leg 1
(from 1342 to 1352 UTC).
Observations from the profile ascent at 40.3◦W, 60.2◦N
show similar features but with a cloud top ∼4000 m
above the sea surface (not shown). The cloud liquid
water content was about 0.2 g m−3 up to 4000 m, but
did not reach the peak values of 0.6 g m−3 seen during
the descent. Precipitation from the 2DP suggests a liquid
water content up to 0.1 g m−3 and particle concentrations
up to 1 × 104 per m3. Examination of the 2DC particle
images suggests the clouds were primarily made up of
droplets, but that there were some aggregated particles
too, especially higher up. Examination of 2DP images
suggests the precipitation was in the form of columns or
needles lower down, turning to snow above about 2000 m.
Again there was considerable turbulence indicated by
increased variance in the horizontal and vertical winds.
The aircraft profiles (e.g. Figure 7) illustrate the well-
defined jet in horizontal wind speed described earlier and
show that there is convergence of mean vertical velocity
into the jet, i.e. w was positive below the jet maximum
and negative above the jet maximum – although this
convergence was less pronounced at the ascent.
Figure 8 illustrates a strong gradient in wind speed
with distance along low-level leg 1 (note the x-axis is
eastwards – away from the jet core). The winds decreased
from ∼30 m s−1 to ∼25 m s−1 moving out of the jet core.
The wind direction veered a little from 20 to 30 degrees.
The vertical velocity variance was large compared to
the mean value, which was small and actually negative
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Table I. Turbulence and microphysical measurements from the low-level legs of flight B268.
Leg 1 Leg 2 Leg 3 All legs
Heading (degrees) 300 0 120 –
Altitude (m) 41 (3.4) 41 (3.7) 45 (3.6) 42 (3.6)
Wind speed (m s−1) 27.3 (3.0) 28.2 (2.7) 26.9 (2.7) 27.5 (2.8)
Vertical wind speed (m s−1) −0.06 (1.3) −0.14 (1.3) −0.02 (1.3) −0.08 (1.3)
Turbulent kinetic energy (m2 s−2) 6.56 6.04 6.82 6.47
Surface momentum flux (N m−2) 1.37–1.68 n/a 1.50–1.91 1.59 (0.23)
2DP liquid water content (g m−3) n/a 0.027 (0.033) 0.007 (0.009) –
2DC liquid water content (g m−3) 0.009 (0.009) 0.020 (0.017) 0.005 (0.010) –
JW liquid water content (g m−3) n/a 0.04 (0.03) 0.09 (0.02) –
2DP precipitation (mm/h) n/a 0.486 0.025 –
Means and (standard deviations) are tabulated for each low-level leg, and over all three legs where appropriate. The winds and turbulent kinetic
energy values are from 32 Hz data. The surface momentum fluxes are eddy correlation based flux estimates from the 14 runs of Petersen and
Renfrew (2009). The 2DP estimated precipitation assumes a fall rate of 5 m s−1. Contaminated observations are indicated as n/a (not available).
at this height – see Table I. The specific humidity, q,
showed a small increase moving out of the jet core
and there was an increase in dew-point temperature of
∼1 K. Figure 8 illustrates a highly turbulent ABL. The
standard deviations of horizontal and vertical winds for
this leg were 3.0 and 1.3 m s−1 respectively (Table I)
and the turbulent kinetic energy per unit mass was
6.56 m2 s−2, which is highly turbulent compared to
typical observations for unstable conditions (e.g. Stull,
1988). Associated with the high winds and turbulence
were high surface stresses, e.g. surface momentum fluxes
between 1.37 and 1.68 N m−2 on this leg. These values
are direct eddy correlation measurements for 2-minute
runs taken from Petersen and Renfrew (2009). Petersen
and Renfrew define 14 runs over the three low-level legs
of this flight. The average surface stresses of these 14 runs
is 1.59 N m−2, with 1 standard deviation (1σ ) = 0.23 N
m−2, and an observed range from 1.23 to 1.91 N m−2.
These surface momentum fluxes are amongst the highest
ever directly measured over the ocean (cf. Persson et al.,
2005; Petersen and Renfrew, 2009).
These extreme surface stresses were associated with a
rather dramatic surface wave field, in particular there was
a significant swell, broadly in the downwind direction,
with significant wave heights estimated visually to be
in the range of 5–10 m. Unfortunately no dedicated
high-resolution altimeters were on the aircraft so in situ
quantitative wave heights are not presented. Satellite-
observed significant wave heights (SWH) derived from
the Jason altimeter are available for three passes on
21 February 2007. Figure 9 shows the locations and
times of these passes and plots of the SWH along each
pass. One can see the SWH ranging from 3 to 10 m
with 8–9 m SWHs off the coast of southeast Greenland
(in passes 224 and 243) under the highest wind speeds
of the ETJ. These SWH values are extremely large
compared to climatology. However, they are consistent
with coupled atmospheric-wave model simulations that
have been carried out for this case (not shown), which
will be the subject of future studies. From the 40 m
altitude legs one could see streaks of white caps caused by
222
224
20°W45°W 40°W
 35°W
 30°W 25°W
68°N
243
66°N
58°N
60°N
62°N
64°N
45 40 35 30 25 20
2
3
4
5
6
7
8
9
10
11
longitude (deg.)
si
gn
ific
an
t w
av
e 
he
ig
ht
 (m
)
pass 222
pass 224
pass 243
Figure 9. Significant wave heights for three passes of the Jason altimeter
on 21 February 2007. The top panel shows the pass location and
number. The bottom panel shows significant wave height in metres.
The pass times are 0142 UTC (pass 222), 0337 UTC (pass 224) and
2212 UTC (pass 243).
the tops of waves being torn off and there were significant
amounts of sea spray in the air. Sea salt aerosol-sized
particles were measured using a PCASP (Passive Cavity
Aerosol Spectrometer Probe) for the range 0.05–1.5 µm
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and a FFSSP (Fast Forward Scattering Spectrometer
Probe) for the range 2–22 µm – see Osborne (2008). Due
to precipitation being present on this flight, the FFSSP
data may be unreliable as it is not possible to differentiate
between sea salt aerosols and splintering precipitation.
Nevertheless, Osborne (2008) finds total sea salt aerosol
concentrations of 221 (1σ = 170) and 200 (1σ = 156)
particles cm−3 for U10 of 24 and 23.4 m s−1 respectively.
These high values of sea salt aerosol concentration
would undoubtedly have also been affecting the air–sea
exchange of heat and moisture (e.g. see Andreas and
DeCosmo, 2002). Investigation of this is an area of
ongoing research that is beyond the scope of this paper.
Table I also gives liquid water contents from the 2DP
and 2DC particle imagers and the Johnson–Williams
heated wire instrument. Note that the Johnson–Williams
instrument has a tendency to drift from its baseline during
flight conditions and standard practice is to apply an off-
set determined from periods that are known to be out of
cloud. During the low-level legs visual observations sug-
gested the aircraft was largely below cloud base, although
there was precipitation falling and visibility was reduced
due to some cloud droplets being present. During leg 1 the
2DC measured only very small amounts of liquid water
(<0.01 g m−3), while the Johnson–Williams measure-
ments were approximately constant (with average value
0.067 g m−3). On the assumption that this was basically
cloud-free air we have applied an offset of −0.067 g m−3
to the Johnson–Williams measurements for the remaining
low-level legs. Following this adjustment, Table I shows
liquid water content from both cloud-sized droplets and
precipitation drops split approximately equally between
the 2DC and 2DP (during legs 2 and 3). Note the leg-
averaged Johnson–Williams liquid water content was
approximately equal to the total from the particle imagers
(within quoted instrument accuracies). More cloud liq-
uid water and precipitation was measured during leg 2,
the north–south leg, than during leg 3. Figure 10 shows
the liquid water content from the 2DP (top panel) and
the adjusted Johnson–Williams and 2DC (bottom panel).
The variability was large, but there were clearly areas of
higher precipitation, generally also associated with more
cloud droplets, such as the first 10 km of the leg. For leg
2, the leg-averaged 2DP liquid water contents have been
converted into an equivalent precipitation rate of about
0.5 mm per hour by assuming a fall rate of 5 m s−1 for
the drops. This is a significant amount of precipitation,
amounting to 12 mm over 24 hours. An area of orograph-
ically enhanced precipitation fits well with the established
literature for low-level flows forced against a substantial
barrier (e.g. Smith, 1979) and has been a feature of previ-
ous numerical simulations (e.g. Martin and Moore, 2007;
Ohigashi and Moore, 2009).
5. Synthesis
To provide a spatial picture of the easterly tip jet’s
structure, observations from the dropsonde soundings
and flight-level data have been synthesised into a set of
panels in Figure 11. Observations of wind speed (U40m),
potential temperature (θ40m) and specific humidity (q40m)
have been extracted at 40 m above sea level (i.e. flight
level) from each dropsonde sounding and these values
have been checked to ensure they are representative of the
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Figure 10. Flight-level observations from low-level leg 2. The panels show (top) liquid water content from the 2DP particle imager
(200–6400 µm), i.e. precipitation; and (bottom) liquid water content from the Johnson–Williams instrument (upper line) and from the 2DC
particle imager (25–800 µm; lower line), i.e. cloud droplets. The distance axis is northwards.
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lower ABL. In addition, a 10 m neutral wind speed (U10N)
has been derived from U40m. The flight-level observations
have been averaged into 2-minute means – as described
in Petersen and Renfrew (2009). Note that as described
earlier, the temperature sensors experienced ‘wetting’
during low-level parts of the flight; so instead of T , the
observed Td (adjusted by assuming a constant dew-point
depression of 1.3 K – based on a direct comparison with
dropsonde 11) is used to calculate a flight-level θ40m.
Figure 11 illustrates the generally stronger winds
towards the Greenland coastline and the downstream
acceleration the ETJ underwent as it approached Cape
Farewell. The exception was the lower wind speed of the
north-westernmost observation, which was several metres
per second lower than one might expect, perhaps due to
increased drag over the sea ice at this location. The wind
vectors illustrate the start of an anticyclonic turning of the
ETJ around Cape Farewell. Concomitant with the low-
level wind jet was a tongue of relatively cold air, some
3–4 K colder near the coast than ∼100 km offshore.
The cold-air tongue overlies a background meridional
temperature gradient from cold to warm down the jet.
The cold-air tongue was also relatively dry, with q40m
being up to 2 g kg−1 lower along the coast. This ETJ
structure is qualitatively similar to numerical modelling
simulations of other case-studies, for example Martin and
Moore (2007), Ohigashi and Moore (2009) and also to the
simulations in Part II of this study.
It is of interest to examine QuikSCAT’s view of this
easterly tip jet event. These scatterometer-based U10N
winds have been used extensively in the study of mar-
itime weather and climate: for example, in climatological
studies (e.g. Moore and Renfrew, 2005; Sampe and Xie,
2007); to identify small-scale wind features associated
with, for example, SST fronts (e.g. Chelton et al.,
2004); and in investigations of particular weather system
events (e.g. Chelton et al., 2006). Figure 12 shows
QuikSCAT U10N from two different retrievals: the RSS
(Remote Sensing Systems) geophysical model (e.g.
Wentz et al., 2001 and www.remss.com) and the NASA
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Figure 11. Spatial compilation of flight-level observations (circles) and dropsonde observations (diamonds). The panels show wind speed at flight
level (U40m); wind speed adjusted from flight level to 10 m assuming neutral conditions (U10N); potential temperature at flight level (θ40m);
and specific humidity at flight level (q40m). Note the flight-level θ40m values are derived from dew-point temperature observations corrected by
+1.3 K dew-point depression. Areas of sea ice concentration >20% are shown with a dash-dotted contour. The compilation is at approximately
1400 UTC 21 February 2007.
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Figure 12. QuikSCAT-derived U10N fields from (top) the morning pass (0725 UTC) and (bottom) the evening pass (2107 UTC) on 21 February
2007. The left-hand panels show U10N using the NASA DIRTH algorithm, the right-hand panels show U10N using the RSS algorithm.
DIRTH (National Aeronautics and Space Administration,
Direction Interval Retrieval and Threshold Nudging)
model (e.g. JPL, 2006). The RSS product has been
re-mapped onto a 0.25◦ grid, while the NASA DIRTH
(NASA-D) product is a 25 km L2B pass product.
Retrievals from the morning (0725 UTC) and evening
(2107 UTC) passes are shown. In all panels of Figure 12
the ETJ was well-defined, with a strong cross-jet gra-
dient in wind speed towards the Greenland coast, and a
less-pronounced along-jet gradient in wind speed. The
cross-jet gradient was much tighter in the earlier passes.
In the evening passes the ambient north-easterly flow
was generally a little stronger (by ∼10 m s−1). To the
southwest of Greenland there is a well-defined wake
region, where U10N < 10 m s−1, as has been seen in
numerical simulations (e.g. Ohigashi and Moore, 2009).
There was generally a good correspondence between
the two retrieval algorithms at each time, as one would
expect, but there are some systematic differences. The
NASA-D algorithm’s sea-ice mask goes further offshore,
resulting in fewer observations near the coastline. The
RSS algorithm returns generally higher U10N values,
especially in the jet core, i.e. where the winds were
highest. The QuikSCAT panels can also be compared
to U10N in Figure 11, compiled from dropsonde and
flight-level observations between 1220 and 1430 UTC,
so closer to the morning pass. Qualitatively the ETJ
structure was very similar – a strong cross-jet gradient
and a less-pronounced along-jet wind gradient – and
even the acceleration between the northern and southern
flight-level observations was seen in the QuikSCAT
winds. But quantitatively one can see the QuikSCAT
winds overestimate the observations by typically about
5 m s−1. This QuikSCAT overestimation is representative
of a larger comparison of QuikSCAT winds against all the
low-level GFDex observations carried out by Renfrew
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Figure 13. Schematic of a typical easterly tip jet. The high winds
associated with the jet core are shown with open arrows. The cold
and dry tongue off the southeast Greenland coast is shown with solid
contours. There is mid-level cloud filling the south-eastern half of the
domain, the edge of which is marked with a thick grey line; underneath
this, cloud streets are marked with thinner grey lines. An area of
precipitation is marked with a light grey oval. Selected QuikSCAT
wind vectors are used as a background to give a sense of the low-level
winds surrounding the jet core.
et al. (2009). They find relatively large root-mean-square
errors of 3.3 and 1.9 m s−1 and linear regression slopes of
1.39 and 1.06 for QuikSCAT winds against observations
(for the RSS and NASA-D algorithms respectively);
indicating an overestimate in retrieved wind speed at
higher wind speeds. Similar regression statistics were
found in a comparison against buoy observations in this
location by Moore et al. (2008). In short, the QuikSCAT
winds seem to provide an accurate spatial picture of these
high wind-speed features, but the retrieved U10N values
may well be overestimates for the higher wind speeds.
The comprehensive observations of this case motivate
a schematic of a ‘typical’ easterly tip jet event in Fig-
ure 13. Although based on a synthesis of the observations
presented here – i.e. for the 21 February 2007 case – this
schematic is generally representative of other ETJ cases
described in the literature via numerical simulations and
satellite data, for example those of Moore and Renfrew
(2005), Martin and Moore (2007) and Ohigashi and
Moore (2009) are rather similar even for the cloud pat-
terns. Figure 13 illustrates the high winds associated with
the ETJ core as open arrows. The length of these arrows
is proportional to the low-level wind speed, based on a
synthesis of the aircraft observations (Figure 11) and the
QuikSCAT observations (Figure 12). The acceleration
along the jet and the anticyclonic turning of the jet are
clear. The tongue of cold and dry ABL air (cf. Figures 5
and 11) is shown as black contours hugging the coast
of southeast Greenland. Mid-level cloud (3–4 km deep)
fills the south-eastern half of the domain (cf. Figure 3),
the edge of this cloud being shown with a thick grey
line. Note the cloud-free slot immediately to the east
of Cape Farewell. The ABL cloud streets that emanate
from under the mid-level cloud are illustrated with
thinner grey lines. The observed precipitation is shown
as a small (grey) patch just to the east of the jet core,
although it is worth emphasising that the extent of the
precipitation is not known from our relatively short
low-level aircraft legs. The precipitation being on the
flank of the jet core was a feature of the cloud-resolving
modelling simulations of Ohigashi and Moore (2009)
and was also noted in the operational forecasts during
the GFDex campaign. As a background to the schematic,
selected wind vectors from a QuikSCAT image are
included. These highlight the increase of winds towards
the coast; the anticyclonic turning along the jet; and the
area of very low winds to the southwest of Greenland in
the cloud-free wake region (cf. Figure 3).
6. Conclusions
The first comprehensive observations of an easterly
tip jet case off Cape Farewell, Greenland, have been
presented and discussed. The in situ observations reveal
an acceleration down the jet and an anticyclonic turning
around Cape Farewell – as found in previous modelling
and satellite-based studies. The low-level jet had its peak
winds, of almost 50 m s−1, about 600–800 m above
sea level and at the coast. The depth of the jet increased
with wind speed, from ∼1500 m to ∼2500 m as the
peak winds increased from 30 to 50 m s−1. The jet was
associated with a tongue of cold and dry air hugging the
coastline and occupying the lower half of the ABL. The
lower ABL was generally conditionally unstable, sug-
gesting positive turbulent heat fluxes forcing a convective
ABL. The high winds resulted in a highly turbulent
ABL and extremely high surface stresses – amongst the
highest directly observed over the ocean. The region
was generally cloudy to the southeast of Greenland,
breaking away to the south of Cape Farewell to reveal
cloud streets in the ABL. To the southwest of Greenland
was a cloud-free wake. Precipitation was observed and
estimated at about 0.5 mm per hour. The in situ observa-
tions are qualitatively consistent with QuikSCAT images
of the event and correspond well spatially; however, a
quantitative comparison suggests the scatterometer winds
overestimate U10N for the higher wind speeds.
These in situ observations provide a unique snapshot
of a strong easterly tip jet event. As noted earlier, the
observations are broadly consistent with previous clima-
tological and NWP modelling studies of these weather
systems. However, a number of new and interesting fea-
tures have also been brought to light. The observations
provide unique validation data and this is exploited in
Part II of this study, which focuses on numerical simula-
tions of this event and a thorough dynamical analysis of
the forcing mechanisms behind easterly tip jets.
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